Our previous studies have demonstrated that a decrease in arteriolar diameter that causes endothelial deformation elicits the release of nitric oxide (NO). Thus we hypothesized that cardiac contraction, via deformation of coronary vessels, elicits the release of NO and increases in coronary flow. Coronary flow was measured at a constant perfusion pressure of 80 mmHg in Langendorff preparations of rat hearts. Hearts were placed in a sealed chamber surrounded with perfusion solution. The chamber pressure could be increased from 0 to 80 mmHg to generate extracardiac compression. To minimize the impact of metabolic vasodilatation and rhythmic changes in shear stress, nonbeating hearts, by perfusing the hearts with a solution containing 20 mM KCl, were used. After extracardiac compression for 10 or 20 s, coronary flow increased significantly, concurrent with an increased release of nitrite into the coronary effluent and increased phosphorylation of endothelial NO synthase in the hearts. Inhibition of NO synthesis eliminated the compression-induced increases in coronary flow. Shear stressinduced dilation could not account for this increased coronary flow. Furthermore, in isolated coronary arterioles, without intraluminal flow, the release of vascular compression elicited a NO-dependent dilation. Thus this study reveals a new mechanism that, via coronary vascular deformation, elicited by cardiac contraction, stimulates the endothelium to release NO, leading to increased coronary perfusion. endothelial deformation; nitric oxide; coronary circulation WE DEMONSTRATED PREVIOUSLY that a brief compression of single isolated mesenteric arterioles elicits an endothelium-dependent, nitric oxide (NO)-mediated dilation. Also, a unidirectional compression of cultured endothelial cells stimulates, time dependently, the release of NO from the cells (26). These studies indicate that vascular deformation coincident with endothelial deformation induced by physical forces stimulates endothelial cells to produce vasoactive substances to regulate vascular tone.
WE DEMONSTRATED PREVIOUSLY that a brief compression of single isolated mesenteric arterioles elicits an endothelium-dependent, nitric oxide (NO)-mediated dilation. Also, a unidirectional compression of cultured endothelial cells stimulates, time dependently, the release of NO from the cells (26) . These studies indicate that vascular deformation coincident with endothelial deformation induced by physical forces stimulates endothelial cells to produce vasoactive substances to regulate vascular tone.
Multiple mechanisms are involved in the regulation of the coronary circulation, among them cardiac metabolism (8) , as well as local mechanisms including myogenic constriction (12, 18, 20) and flow-induced dilation (13, 23) , all of which have been demonstrated to participate significantly in the control of vascular resistance. It is well known that in the coronary circulation, vessels are rhythmically compressed by contraction of the myocardium. Unlike the physical forces exerted by pulsatile pressure, in which the vessels are subjected to circumferential stretch (1) , myocardial contraction provides for circumferential compression of the vessels. Thus studies aimed to evaluate the physiological significance of cardiac contraction in the regulation of the coronary circulation become of considerable interest, because they may implicate this physical force as being a factor in the local regulation of myocardial blood flow.
Given that endothelial deformation caused by changes in vascular diameter elicits the release of NO and that coronary vessels are constantly subjected to rhythmic compression by cardiac contraction, it is legitimate to ask the questions as to whether coronary endothelium is sensitive to the cardiac contraction-induced deformation, and, if so, whether the deformation contributes to the synthesis and release of NO followed by changes in coronary blood flow. Thus we tested the hypothesis that compression of the heart is followed by a NO-mediated increase in coronary flow. The data obtained confirm our hypothesis suggesting, therefore, that cardiac contraction could be considered not only as a functional pump to maintain cardiac output but also as being involved in the direct regulation of coronary blood flow via the activation of coronary endothelial NO synthase (eNOS).
METHODS
All protocols were approved by the Institutional Animal Care and Use Committee of New York Medical College and conformed to the present guidelines of the National Institutes of Health and the American Physiological Society for the use and care of laboratory animals.
Isolated hearts. Normal Wistar rats (250 g) were anesthetized with pentobarbital (50 mg/kg ip) and heparinized (500 IU/kg ip). After the thorax was opened, the heart was quickly excised and mounted via the ascending aorta onto a perfusion apparatus (Fig. 1) . The heart was perfused retrograde with a nonrecirculating physiological salt solution (PSS) at a constant hydrostatic pressure of 80 mmHg. The PSS contained (in mM) 118 NaCl, 4.7 KCl, 2.5 CaCl 2, 1.2 MgSO4, 1.2 KH2PO4, 11 glucose, 25 NaHCO3, 2 pyruvate, and 0.5 EDTA and was equilibrated with 95% O2-5% CO2 at 37°C and pH 7.4. Coronary flow was measured using a square-wave electromagnetic flowmeter (Carolina Medical Electronics). The pericardium and adherent lung tissue were removed, and the cut ends of the vena cava were ligated. The pulmonary artery was cannulated to obtain the coronary venous effluent. The heart was then placed in a chamber, which was sealed with a lid as illustrated in Fig. 1 . In this arrangement, an increase in chamber pressure generates an extracardiac compression. A single compression was accomplished by switching the extracardiac pressure (EP) stopcock from the outlet (zero pressure) to the EP reservoir (Fig.  1) . The magnitude of the compression was controlled by the height of the reservoir. The chamber solution was changed periodically.
A 30-min equilibration period was provided. To eliminate the influence of a change in myocardial metabolism on coronary flow, a nonbeating heart was used, by exchanging PSS with PSS with a total of 20 mM KCl (PSS-KCl), by substituting equimolar sodium with potassium in the buffer. Chamber pressure was then increased from 0 to 80 mmHg for 10 and 20 s, respectively, to generate extracardiac compression. Changes in mean coronary flow and chamber pressure were continuously recorded. Because the increase in chamber pressure to 80 mmHg would not only generate deformation of myocardial microvessels but also would compress large epicardial vessels to stop coronary perfusion, as a control, coronary perfusion pressure (controlled by an inflow stopcock, as illustrated in Fig. 1 ) was turned off for a period of 10 and 20 s to generate zero coronary flow. Results of changes in coronary flow upon restoring perfusion pressure were compared with those after cardiac compression was released. After inhibition of NO synthesis, which was accomplished by the administration of N -nitro-L-arginine methyl ester (L-NAME; 2 ϫ 10 Ϫ4 M) to nonbeating hearts, protocols of increasing chamber pressure and turning off of inflow pressure were repeated. The function of coronary endothelium and smooth muscle cells in nonbeating hearts was also assessed by bolus injections (into the coronary inflow solution, Fig. 1 ) of ACh (100 l, 10 Ϫ6 M) and sodium nitroprusside (SNP; 30 l, 10
Ϫ4
M) before and after L-NAME. To further compare to compressioninduced increase in coronary flow, in separate experiments, coronary flow of nonbeating hearts was also measured in response to a 10-s occlusion of coronary outflow (by clamping the catheter of the pulmonary artery). In this instance, transmural pressure of coronary vessels was maintained at a high level and coronary flow was decreased to zero. To eliminate a possible accumulation of interstitial fluid in response to coronary outflow occlusion, all three measurements (inflow and outflow occlusions and extracardiac compression) were performed only once in each heart. All experiments were completed within 3 h. Measurement of coronary effluent nitrite. Coronary effluents were collected for 1 min in beating and nonbeating hearts before and immediately after cardiac compressions. The amount of NO released in the coronary effluent was assessed via quantification of its decomposition product, nitrite, by a fluorometric assay (17) with a spectrofluorometer (SFM25, Kontron). For quantification of the amount of NO in the sample, standard curves of nitrite (sodium nitrite of 0 -640 nM) were constructed using PSS as a vehicle. Background readings were subtracted from sample readings, and final results are expressed as nanomoles per minute.
Western blot analysis. Isolated hearts were perfused via the following three protocols: protocol I, 30 min of PSS (beating hearts, ϳ260 beats/min); protocol II, 30 min of PSS-KCl (nonbeating hearts); and protocol III, 30 min of PSS-KCl and then 2 min of 80 mmHg of EP (nonbeating hearts plus compression). After perfusion, hearts were snap frozen in liquid nitrogen and pulverized. Tissue homogenates (200 g protein) [containing 1% protease inhibitor cocktail (Sigma P8340) and phosphatase inhibitor cocktail (Sigma P5726)] were separated on a SDS-PAGE gel (7.5% acrylamide), transferred to a polyvinylidene difluoride membrane, and probed with primary antibodies of phospho-eNOS (p-eNOS; Ser 1177 , Cell Signaling) and eNOS (BD Transduction Laboratories). Secondary antibodies were conjugated to horseradish peroxidase according to the Amersham ECL-Plus protocol.
Isolated coronary arterioles. The excised heart was pinned to the Silastic bottom of a dissecting dish containing ice-cold MOPS (3 mM)-buffered PSS (MOPS-PSS) at pH 7.4. A myocardial branch of the left anterior descending coronary artery was isolated and cannulated in a perfusion chamber containing MOPS-PSS at 37°C and pH 7.4. The vessel chamber was then sealed air tight with a lid, as described in our previous study (26) . Intravascular pressure was maintained constant at 80 mmHg with an inflow pressure-servo system. The vessels were equilibrated for 60 min to generate myogenic tone. Extravascular pressure (EVP; chamber pressure) was then increased from 0 to 75 mmHg for 20 and 60 s, respectively. The methods to generate EVP were similar to those described in Fig. 1 . Thereafter, L-NAME (2 ϫ 10 Ϫ4 M) was administered to inhibit NO synthesis, and the effects of EVP on the diameter of vessels were reassessed. The internal diameter of arterioles was measured continuously with a television scanning device (Living Systems; Burlington, VT).
Statistical analysis. Data are expressed as means Ϯ SE. Statistical analysis was performed using repeated-measures ANOVA, followed by the Tukey-Kramer post hoc test and Student's t-test. Statistical significance was accepted at a level of P Ͻ 0.05.
RESULTS
In the presence of 80 mmHg of perfusion pressure, mean coronary flow in PSS-perfused beating hearts and PSS-KClperfused nonbeating hearts was 10.9 Ϯ 0.7 and 10.6 Ϯ 0.6 ml/min, respectively. In nonbeating hearts, the administration of ACh and SNP significantly increased coronary flow ( Table  1) . Inhibition of NO synthesis with L-NAME (2 ϫ 10 Ϫ4 M) significantly decreased mean coronary flow to 6.7 Ϯ 0.4 ml/min (by 35.6 Ϯ 2.5%) and inhibited ACh-induced dilation without affecting SNP-induced dilation.
Perfusion of hearts with PSS-KCl stopped myocardial contraction, resulting in nonpulsatile coronary flow ( Fig. 2A) and dilated hearts. A transient increase in coronary flow was seen immediately after PSS was replaced with PSS-KCl, followed by a gradual return (ϳ2 min) of coronary flow back to the control level. In continuous PSS-KCl perfusion, a constant coronary flow in nonbeating hearts was maintained for at least 1 h. By switching the perfusion back to PSS, spontaneous contraction of the heart and pulsatile coronary flow were recovered (data not shown). Figure 2B , top, shows a representative recording in which occlusion of coronary perfusion via turning off the inflow stopcock or increasing EP from 0 to 80 mmHg for 10 s elicited increases in mean coronary flow. The magnitude and duration of increases in coronary flow were much greater when the hearts were subjected to an increase in EP than to occlusion. In the presence of L-NAME (Fig. 2B,  bottom) , the increases in mean coronary flow elicited by occlusion or changes in EP were eliminated, indicating that the responses were mediated by NO. The difference in increases in the integrated flow (flow rate ϫ duration of a response) as a function of change in EP or inflow occlusion is summarized in Fig. 3 . In control, both EP and occlusion significantly increased integrated flow. There was no difference in the integrated flow between 10 and 20 s of occlusion. However, the integrated flow was significantly greater in the response to 20 s than to 10 s of EP and was significantly greater in response to either 10 or 20 s of EP than to occlusion. L-NAME abolished EP-or occlusion-induced responses. Figure 4 further compares increases in integrated coronary flow induced by outflow occlusion from those induced by inflow occlusion and extracardiac compression. The magnitude and duration of increases in coronary flow were similar to those induced by inflow occlusion but less than those induced by extracardiac compression (Fig. 4A) . Summary data of increases in integrated flow, shown in Fig. 4B , demonstrate that extracardiac compression-induced increase in coronary flow is significantly greater than that induced by outflow occlusion as well as that induced by inflow occlusion.
Coronary effluent nitrite was measured to assess the activation of NO synthesis. Figure 5 shows that, although there was a significant amount of coronary effluent nitrite in nonbeating hearts, the production of nitrite was ϳ10 times higher in beating hearts. In nonbeating hearts, a single extracardiac compression of 80 mmHg for 20 s significantly increased nitrite production approximately fivefold; however, the enhanced production of nitrite after the compression was still significantly less than that in beating hearts.
Cardiac compression-induced increases in NO production were further assessed by comparing the level of phosphorylation of eNOS in beating, nonbeating, and nonbeating hearts subjected to extracardiac compression. Figure 6A shows that the level of phosphorylation of eNOS is lower in nonbeating than beating hearts. Figure 6A also shows that a single compression increases phosphorylation of eNOS in nonbeating hearts. Summary data of densitometric ratios of p-eNOS to eNOS are shown in Fig. 6B . The results indicate that without cardiac contraction, the level of p-eNOS significantly decreased by 82%. In nonbeating hearts, extracardiac compres- sion increased p-eNOS about fourfold and the level of p-eNOS became 70% (P Ͼ 0.05) of that in hearts with spontaneous contraction.
To further distinguish the activation of NO synthesis induced by cardiac compression from that by shear stress, single coronary arterioles were isolated and studied in a no-flow condition. The average passive diameter at 80 mmHg of intravascular pressure was 129 Ϯ 7 m, and the average basal diameter was 75 Ϯ 2 m. We found that increases in EVP to 75 mmHg, due to a reduction of transmural pressure, decreased the internal diameter of arterioles to ϳ25 m. After the 20-and 60-s compressions were released, the diameter of arterioles immediately returned to control level and continued to increase further above the control, exhibiting a dilator response. Summary data of these experiments are shown in Fig. 7 . The peak changes in diameter and the duration of the dilation were proportional to the rise in EVP, as the area under the dilation curves was significantly increased in response to 20 s of compression and was further significantly increased after 60 s of compression. Inhibition of NO synthesis with L-NAME (2 ϫ
10
Ϫ4 M), which did not affect the basal tone of the vessels (73 Ϯ 2 m), eliminated EVP-induced dilations.
DISCUSSION
This study demonstrates that cardiac compression, a physical force that mimics cardiac contraction in vivo, causes a significant increase in coronary flow, concurrent with an enhanced phosphorylation of eNOS and a greater production of nitrite. In addition, extravascular compression of isolated coronary arterioles in a no-flow condition also elicits a NOdependent dilator response.
The resistance of coronary vessels is mainly regulated by myocardial contraction, myocardial metabolites, and local intrinsic mechanisms, including shear stress-dependent dilation and myogenic constriction. In a beating heart, with each cardiac cycle, due to myocardial compression, the diameter of coronary vessels and the shape of vascular endothelial cells are altered, accompanied by changes in the release of tissue metabolites, shear stress, and intravascular pressure. It is extremely difficult in a beating heart preparation to separate endothelial deformation-dependent regulation of coronary flow from other mechanisms listed above. For this reason, nonbeating hearts were used in the experiments to keep the influence of metabolic effects, shear stress, and intravascular pressure at relatively constant levels. Our data demonstrated that in PSSKCl-perfused nonbeating hearts, coronary flow was maintained constant, mean coronary flow was comparable to that in beating hearts, and endothelium-dependent and -independent dilator responses were preserved. The effects of cardiac compression and occlusions on coronary flow were assessed immediately after the cessation of myocardial contraction and the achievement of a stable coronary flow to reduce the influence of hyperkalemic PSS on vascular function (9, 29) . By placing a simple retrograde perfused nonbeating heart in a sealed chamber, we were able to mimic the effects of cardiac contraction on coronary vessels by increasing the hydraulic pressure of the chamber to compress the whole heart evenly. In this condition, endothelial deformation of coronary vessels is mainly induced by changes in vascular shape and/or a reduction in circumferential length of the vessels due to a decrease in transmural pressure and passive movements of the ventricular wall by cardiac compression. However, unlike vascular compression generated by a beating heart, an increase in chamber pressure will not only compress microvessels in the myocardium but also large epicardial vessels. Moreover, transmission of chamber pressure to intramyocardial vessels may be different depending on the myocardial layers, elastance, and volume. Additionally, to minimize the influence of rhythmic compression on the generation of pulsatile shear stress and intravascular pressure, single compressions with long duration were used in the present study. Nevertheless, our results showed that a single compression of nonbeating hearts increased coronary flow and that the increases were dependent on the activation of NO synthase (Figs. 2 and 3) .
The endothelial function of coronary vessels is sensitive to mechanical stimulation. Early studies (14) , by comparing the cGMP content of platelets passing through a working or arrested heart, have demonstrated that mechanical stimulation potentiates the release of an endothelium-derived relaxing factor. More recent studies (19) , by using a porphyrinic sensor placed in the left ventricular myocardium, have further demonstrated the existence of cyclic and preload-dependent changes in NO release in beating rabbit hearts. Cardiac contraction increases intramyocardial pressure (IMP), which decreases transmural pressure of coronary vessels and hence decreases the diameter of the vessels, causing enhanced shear stress and vascular deformation. It has been shown that in systole, arterioles of the subendocardium decrease their diameter by about 20%, whereas arterioles of the subepicardium decrease their diameter by about 2% (10, 30) . It has also been shown that systolic IMP exhibits a transmural gradient oriented from endocardium toward the epicardium (16) . Accordingly, NO release was found to be higher in the endocardium than in the myocardium (19) . These results clearly indicate a close relationship between the synthesis of NO and mechanical stimulation of cardiac contraction in coronary vessels. In addition to endothelium-dependent mechanisms, an endotheliumindependent dilation induced by pulsatile pressure was found in isolated pig coronary resistance vessels (7) . The exact mechanism of the dilation was not ascertained, but a decrease in intracellular calcium was clearly not involved in the response (24). Thus both endothelium-dependent and -independent mechanisms are involved in the mechanical stimulationinduced modulation of coronary vessel function. The contribution of the present study is the demonstration of the existence of a cardiac compression-dependent, endothelial deformationinduced release of NO in the regulation of coronary flow.
It has been well known that during myocardial contraction, the diameter of coronary vessels and velocity of blood flow are altered (3, 30) , causing a change of shear stress in these vessels, leading to vasodilator responses. Some previous studies have reported that pulsatile flow enhances flow-induced dilation and NO production in the coronary circulation (2, 21) . Also, an elevated blood velocity and level of shear stress have been observed in vivo in the coronary circulation of dogs administered vasoconstrictor agents, followed by increases in NO production (25) . On the other hand, vascular deformationinduced by myocardial contraction may change the sensitivity of coronary vessels to shear stress, as indicated by the evidence that changes in endothelial shape alter the mechanical connections between transmembrane extracellular matrix receptors, integrins, cytoskeletal filaments, and nuclear scaffolds (6, 15) , all of which have been implicated in the mechanical forceinduced upregulation of eNOS activity (27, 28, 31) . Thus it is important to distinguish vascular deformation-dependent increases in coronary flow from those induced by decreasing pressure or by increasing flow/shear stress. Cardiac compression reduces transmural pressure of coronary vessels, which may cause a myogenically dependent decrease in vascular tone. On the other hand, release of the compression will cause a rapid resumption of coronary flow, which may induce a shear stress-dependent dilation. Two control experiments were performed. First, by turning off the coronary inflow stopcock, coronary flow and transmural pressure of coronary vessels decreased without external compression and inward movement of the ventricular wall as that employed to increase chamber pressure. Then, by turning on the stopcock, resumption of coronary flow and transmural pressure would be similar to that induced by an increase in chamber pressure. Second, a 10-s occlusion of coronary outflow resulted in a decrease in coronary flow without a decrease in transmural pressure and generation of external compression. After release of the occlusion, a similar increase in coronary flow was induced. We found that in either case, a much smaller increase in coronary flow ensued than the one induced by the release of extracardiac compression (Figs. 3 and 4) , suggesting that cardiac compressioninduced increases in coronary flow, although partially contributed to by flow/shear stress-induced dilation and/or a reduction in myogenic tone, are mainly mediated by a vascular deformation-dependent mechanism. Moreover, the results showing that the increases in coronary flow were sensitive to L-NAME also suggest that the mechanism involved is dependent on endothelial deformation-induced release of NO.
Release of an occlusion of large coronary vessels results in reactive hyperemia (11, 23) . The mechanisms of this response involve NO-dependent, myogenic and metabolic dilations of coronary vessels. In the present study, the hearts underwent extracardiac compression caused by an increase in hydraulic pressure in the compression chamber. In this condition, while large coronary vessels on the surface of the heart would be compressed or even occluded, myocardial microvessels would be compressed as well. The control experiments, in which coronary perfusion was stopped by turning off the inflow stopcock, indicate that there is indeed a reactive hyperemic response in these perfused hearts. However, the response was smaller and mediated mainly by NO-dependent mechanisms, contrasted with that obtained in isolated beating hearts and conscious animals (11, 23) . These differences are most likely due to the fact that nonbeating hearts, the metabolism of which is low and relatively constant, were used in the present study. In addition, previous studies have demonstrated that crystalloid perfusion and hyperkalemic cardioplegia, which depolarize the membrane of vascular cells, compromise coronary vessel function (9, 29) and may also contribute to the reduced reactive hyperemia in response to the occlusions. In contrast, when the whole heart was compressed, a significantly greater increase in the integrated flow was observed, indicating that the mechanism involved is different from the reactive hyperemia induced by the release of occlusions of large vessels and rather is a response dependent upon the deformation of myocardial microvessels.
To further explore the nature of these responses, we performed separate experiments on isolated coronary arterioles to assess vasodilator responses as a consequence of releasing extravascular compression. Vessels were perfused with MOPS-PSS at 80 mmHg of intravascular pressure to achieve spontaneous tone. We found that after extravascular compression was released, the vessels dilated in a compression duration-dependent, as well as L-NAME-sensitive, manner (Fig. 7) . Because the experiments were conducted in a no-flow condition, and also because the volume of intraluminal fluid was small and the shear stress generated by expelling or refilling the vessel was insignificant, compression-induced dilation can be considered to be independent of stimulation by shear stress. Moreover, that inhibition of NO synthesis did not significantly affect the basal diameter of these isolated vessels and that the dilation was sensitive to L-NAME also suggest that the response was not myogenically generated, because NO does not participate significantly in the generation of myogenic responses in the coronary circulation (12) . Thus the data shown in these experiments suggest that endothelial deformation induced by vascular compression enhances NO production and causes vasodilatation.
In the previous study, we demonstrated that endothelial deformation induced by vascular compression releases NO and regulates arteriolar tone (26) . In the present study, we further demonstrated that in nonbeating hearts, cardiac compression elicited significantly greater phosphorylation of eNOS than that elicited solely by shear stress (Fig. 6 ). These data, in concurrence with compression-induced increases in coronary flow and nitrite production, provide molecular evidence that couples cardiac compression with the activation of eNOS. Similar to shear stress-stimulated activation of eNOS, cardiac compression induces phosphorylation of eNOS at Ser 1177 or Ser 1179 positions, indicating a protein kinase-dependent response (22) , although direct evidence as to which specific upstream effectors, such as PKC, PKA, or PKB/Akt, or eNOS, are involved is still unavailable. Do shear stress and compression or deformation of endothelial cells interact with each other? Or do they activate two distinct signaling cascades? On the basis of their synergistic effects on the increase in coronary flow (Figs. 2B and 3) and eNOS phosphorylation (Fig. 6) , it is likely that each factor activates eNOS in a distinct fashion. Cardiac synthesis of NO is regulated on a beat-to-beat basis in response to ventricular contraction or applied mechanical force (19) . There are two phases of increase in NO release during each cardiac cycle: a slow, less potent one in systole and a burst and more potent increase in diastole. Although the specific stimulus responsible for the release of NO was not clarified in the study, we suggest that this dual-phase phenomenon observed in the course of the cardiac cycle could be explained, at least in part, as the consequence of cardiac compression (first phase) and additional shear stress-dependent responses (second phase).
Thus by combining our previous findings with the present results, we posit that in addition to shear stress-dependent NO release, cardiac contraction simultaneously triggers a different signal transduction pathway of NO production, involving coronary vascular compression followed by endothelial deformation and activation of eNOS. Regarding the signal transduction pathways responsible for the cardiac contraction-dependent release of NO, they may involve changes in Ca 2ϩ concentration in coronary endothelial cells, endothelial potassium channels, cytoskeleton, caveolae, and free radical species. Different mechanisms in the regulation of responses to a reduction in vessel diameter have already been proposed, although whether these mechanisms contribute to the cardiac contraction-dependent regulation of coronary flow is still an open question. For instance, cell-to-cell communication between smooth muscle and endothelium has been suggested to be essential for the release of endothelial NO elicited by agonist-induced vessel constriction (4), and compression-induced cutaneous vasodilation has been shown to be mediated by an axon reflex (5) . It is tempting to speculate that multiple and functionally redundant mechanisms influence the regulation of coronary vessel diameter and consequent coronary perfusion in vivo during cardiac contraction. This conclusion may well form the basis of a significantly greater enhancement of eNOS phosphorylation (Fig. 6) as well as production of nitrite (Fig. 5 ) in beating than resting hearts that were subjected to extracardiac compression or changes in shear stress.
In conclusion, cardiac compression elicited a NO-mediated increase in coronary flow, which is independent of shear stressor myogenically mediated mechanisms. Also, an enhanced phosphorylation of eNOS, as a function of cardiac compression, reveals the linkage, at the molecular level, that couples cardiac contraction, as a possible physiological stimulus in vivo, to the activation of eNOS. These novel findings may have pathophysiological significance in that, for example, heart failure, characterized by a compromised cardiac contractility due to a reduced compressive stimulation of coronary endothelium, may result in a reduction of NO release and an impairment in the regulation of the coronary microcirculation, leading to increased oxygen consumption and deterioration of function.
